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Spontaneous emission from crystal centers is influenced by both the photonic local density of states and non-
radiative processes. Here we monitor the spontaneous emission of single nitrogen vacancy (NV) centers as
their host diamond is reduced in size from a large monolithic crystal to a nanocrystal by successive cycles of
oxidation. The size reduction induces a quenching of the NV radiative emission. New non-radiative channels
lead to a decrease of the fluorescence intensity and the excited state lifetime. In one case we observe the onset
of blinking which may provide a route to understand these additional non-radiative decay channels.
PACS numbers: 81.05.ug, 78.67.-n, 78.67.Bf, 61.72.J-, 61.46.Hk, 78.20.Ci
Negatively charged nitrogen-vacancy (NV) centers in
diamond have attracted wide interest in interdisciplinary
research fields, ranging from quantum technologies1 and
high-resolution magnetometry2 to biomedical imaging
and tracking3. Their unique optical and spin proper-
ties have revealed some important functionalities such as
bright, stable room-temperature single photon emission4,
high resolution room temperature magnetometry2,5, a
suitability for sub-diffraction limited microscopy6,7, and
high biocompatibility for labelling3. Many of the sensing
applications are highly dependent on the separation be-
tween the NV dipole and the surrounding electric and/or
magnetic fields2. Therefore these applications require the
NV to be either enclosed inside very small nanodiamonds
or created very close to the bulk diamond surface.
However, it is known that NV center spontaneous emis-
sion properties deteriorate dramatically in terms of spec-
tral diffusion and photo-stability on moving from a mono-
lithic ultra-pure single crystal diamond host to its coun-
terpart nanosized crystal.8 Compared to the bulk, both
high pressure high temperature (HPHT) and chemical
vapour deposition (CVD) nanodiamonds show a larger
spectral diffusion of NV spontaneous emission due to
the presence of other impurities associated with growth
methods or contamination in milling procedures.9 Re-
cent progress in identifying and characterizing the de-
terioration of NV spontaneous emission from bulk dia-
mond to nanodiamonds8–11 shows it cannot be explained
by purely electromagnetic arguments.12,13 Several recent
studies by ourselves and others point to the existence of
non-radiative decay mechanisms related to the NV emis-
sion inside the nanodiamond crystals.12–14 Following our
work revealing an incompatibility between observed NV
centre decay rates from nanodiamonds (∼50 nm) and
calculations assuming unit quantum efficiency (QE)12, a
recent study showed evidence for a large distribution in
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the NV QE related to the nanodiamond size.13 In di-
amond crystals of order 100 nm size, this work found
a broad distribution of NV QE between 10% to 90%,
while for smaller crystals (∼25 nm), QE was restricted to
just 0–20%. Very recently, by studying NV emission in
a near substrate-free aerogel environment of refractive-
index close to unity (n∼1.05), we estimated an upper-
bound for the mean QE in nanodiamond (∼50 nm) as
η¯ = 0.714. The commonly-used assumption in earlier
studies15,16 of near-unity quantum efficiency is thus no
longer appropriate.
Studies on “single-digit” (diameter below 10 nm) nan-
odiamonds have also revealed the strong influence of the
local environment in drastically reducing the NV spon-
taneous emission. The outer graphitic shell enclosing
the diamond crystal has been found to cause quench-
ing of the NV emission17. In a specific type of nan-
odiamonds, obtained via detonation in the presence of
carbon, NV has been found to possess unstable fluo-
rescence emission inducing photoluminescence intermit-
tency (blinking)18. More recently, NV photolumines-
cence intermittency of single defects has also been ob-
served in HPHT nanodiamonds19.
Since the potential applications of nanodiamonds in
biology and magnetometry strongly rely on NV dipole
emission from very small diamonds, and since biological
applications also require their surface functionalisation,
it is critical to identify fully the conditions and mecha-
nisms which suppress NV spontaneous emission or induce
blinking behavior.
In this work we aim to probe the influences on the
NV decay rate and emission arising from the NV cen-
ter proximity to the diamond’s surface. To this end, we
dynamically studied the spontaneous emission from the
same single NV centers while shrinking the size of the
host diamond crystals via air oxidation from large dia-
mond crystals down to nanodiamond scale.20 By spread-
ing the nanodiamonds (∼500 nm) on a laser inscribed
patterned glass coverslip, we could identify individual di-
amonds and track the spontaneous emission from single
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2nanodiamond NV centers across successive cycles of ox-
idation. At each stage, we measured the spontaneous
emission decay rate, saturation count rate and photon
statistics of the single NV centers. This continuous track-
ing of the NV center spontaneous emission against the
host diamond crystal size provides a new level of interro-
gation and insight into the NV spontaneous emission.
Our technique serves to distinguish the electromag-
netic influence of the local diamond crystal on the
emission properties of the NV from the other non-
electromagnetic contributions affecting the emission, pos-
sibly induced by the size reduction procedure. As the size
of the host crystal shrinks to the nano-regime, the NV
emission rate is predicted to be highly suppressed by the
Lorenz-Lorentz reduction of the local electric field inside
the sub-wavelength dielectric crystal.12,21,22 On electro-
magnetic grounds then, the high refractive index of dia-
mond should favor a strong electromagnetic suppression
of the count rate and an increase in the decay lifetime
for smaller crystals. Any departure from this behavior is
evidence for changes in the non-radiative dynamics.
To prepare our samples, we used a commercially avail-
able polishing grade HPHT diamond (type Ib) solu-
tion in milliQ water (VanMoppes, SYP-GAF 0.5-1 µm,
60 mg/ml) that was first ultra-sonicated with a horn-type
sonotrode for 1 hr to remove aggregation. A dispersed
solution of diamonds in water was sprayed onto a glass
cover slip which was laser inscribed with a 5 × 5 grid of
squares of side length 50 µm. This grid facilitated iden-
tification of the same diamond crystals over consecutive
oxidation steps.
The sample fluorescence was simultaneously measured
with a confocal scanning fluorescence microscope (100×
oil immersion objective lens, NA 1.4), excited with a 532
nm CW diode pumped solid-state laser, and a commer-
cial atomic force microscope (AFM)23. A spectrometer
with a cooled CCD was used to characterize the lumi-
nescence and a Hanbury-Brown and Twiss (HBT) in-
terferometer with single-photon-sensitive avalanche pho-
todiodes was used to measure the photon statistics24.
Photon counting and correlation was carried out using
a time-correlated single-photon-counting (TCSPC) mod-
ule. The excited state NV− lifetime was determined us-
ing time-resolved fluorescence measurements with pulsed
532 nm laser excitation25 and collection of the NV emis-
sion only above 650 nm.26 For this purpose a long-pass
650 nm filter was placed before the photodetectors (but
not the spectrometer). As a result, though the NV−
ZPL (637 nm) appears in the spectrum (Fig. 2), there is
no influence from the NV0 emission, which is restricted to
wavelengths below 630 nm26, on the measured lifetimes
of the NV− centers.
The oxidation process for the diamond sample was
carried out in a furnace in air at atmospheric pressure.
For the initial step, the sample was oxidized for a dura-
tion of 1 hr at 500◦C to remove the surface graphitic
phase17. The subsequent oxidation cycles were per-
formed at 580◦C for a duration of 4-5 hrs each. AFM
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FIG. 1. (a) Confocal and (b) AFM images of the sample area
corresponding to the two single NV centers for two oxidation
steps (9 and 17). The 3D AFM images represents the height
of the two nanodiamond hosts.
studies determined the initial average height of these di-
amond crystals to be around 500 nm. After each oxida-
tion cycle, simultaneous AFM and fluorescence studies
were performed to isolate the single NV centers. Only
single centers were studied to remove averaging effects
due to multiple centers. Single centers were identified
from the measurement of the second order intensity cor-
relation function g(2)(τ), selecting only those diamonds
displaying g(2)(0) < 0.5. This proved challenging as the
probability of finding single NV centers inside these large
diamond crystals is estimated to be well below 1%23.
Therefore the sample area of one 50 µm grid-square which
was selected for this study was the one initially having
the maximum number of centers (22) displaying some
anti-bunching behavior (g(2)(0) < 1) in the intensity cor-
relation curve. For the whole study we carried out a total
of 20 oxidation cycles and measured more than 200 in-
tensity correlation curve for centers in the sample area.
In the complete process we found only four single cen-
ters. For two centers (Fig. 1), we were able to track the
spontaneous emission properties for a significant range
of diamond crystal height (for 9 and 11 oxidation cy-
cles respectively). Diamond 1 reached g(2)(0) < 0.5 in
the 9th oxidation step and lasted till the 19th step; dia-
mond 2 showed single center behavior between oxidation
steps 10-18. The remaining two centers evaporated only
a few oxidation steps (3 and 4 respectively) after they be-
gan to show single center characteristics. Figure 1 shows
the confocal scan images of the two long lived centers
(marked with red circles) along with their corresponding
AFM height images at early (upper row) and late (lower)
steps in the size reduction procedure.
Figure 2 shows the optical properties (intensity correla-
tion function, time-resolved fluorescence decay curve, and
emission spectrum) for the two NV centers at the first
and last oxidation steps for which they showed single cen-
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FIG. 2. (a) Second order auto-correlation, b) time-resolved
fluorescence decay and (c) fluorescence spectrum curves for
the two single NV centers (1 and 2) corresponding to the
initial (blue) and final (red) oxidation steps of the host crystal.
For fluorescence decay, an intermediate (grey) oxidation step
curve is also shown. The g(2) curves are fitted to the 3-level
model24, and the fluorescence lifetime curves are fitted to a
single exponential decay25.
Center 1 Center 2(a) (b)
Blinking
FIG. 3. Total decay rate (solid blue) and the photon sat-
uration counts (dashed red) as a function of the measured
crystal heights for the two single NV centers (a) center 1 (b)
center 2. For center 1, the last oxidation step emission rate
represents the emission rate for the blinking state. Smooth
dotted curves shows the analytic decay rates for the diamond
sphere NV centers emitting with different quantum efficien-
cies.
ter behavior. We note that anti-bunching decay curves
are often used to determine the emission lifetime,24 and
in this case it may appear that the initial and final
anti-bunching curves for the two centers are inconsis-
tent with the lifetime changes observed in Fig. 2b. In
fact, this comparison is only valid when the excitation
power for the comparative cases is the same.24 In our
measurements, as the photon counts for the subsequent
steps were continuously decreasing (Fig. 3), the photon-
autocorrelation curves for the steps shown in Fig. 2a were
for different excitation powers.
Figure 3 shows the decay rate (inverse decay lifetime)
as a function of the crystal height (blue). (The tem-
poral evolution is towards the left.) For these centers,
the decay rate initially decreased as the size of the host
diamond crystal was reduced. We associate this with
the expected suppression of the local density of states
available for the emission of a photon due to the Lorenz-
Lorentz reduction of the local electric field inside the
high refractive index diamond crystal21. For compar-
ison, we show the predicted decay rates (dotted gray
lines) for an NV at the centre of an ideal spherical di-
amond for several values of quantum efficiency.21 As is
well known, these rates decrease with decreasing size to
a constant value at small diameter d  λ, where the
internal electric field is independent of the nanoparti-
cle size. Of course our system is not truly a sphere in
vacuum but an irregularly shaped diamond crystal held
on a coverslip. We have also not included polarization-
dependent effects due to the air-coverglass which are
significant only for dipole-interface separation less than
around 100 nm.12 Nevertheless, these curves provide a
qualitative indication of the expected radiation dynam-
ics due to the changing electromagnetic local density of
states inside the nanocrystals. The similarity of the de-
cay curves to the analytic QE=0.8 curves for diamonds
above 200 nm suggests the LDOS effect is dominant in
this regime. The suppression in the radiative emission
is also evident from the corresponding reduction in the
photon saturation counts (dashed red curves).
At intermediate crystal sizes (≈ 200 nm), the de-
cay rate flattens out in a striking fashion, crossing the
analytic curves to lower values of quantum efficiency
and suggesting that the non-radiative decay is becom-
ing more significant. As the diamond further shrinks to
the nanoscale (. 150 nm for center 1, and . 100 nm for
center 2), the pattern of the emission rate variation tends
to reverse. The decay rate now increases sharply but the
corresponding photon saturation counts do not show any
increase. This change therefore represents the rapid ap-
pearance of new non-radiative decay mechanisms. This
change in behavior is again highlighted by comparison
with the analytic curves for varying quantum efficiencies.
Note that the reduction in the crystal height for cen-
ter 1 (Fig. 3a) does not appear to follow a regular pattern
(the blue squares denoting are not equally spaced along
the crystal height axis). The polishing grade HPHT di-
amond crystals used in the experiments were of large
crystal dimensions (0.5–1.0 µm) having a wide range of
crystal geometries. The reason for this non-uniformity
in the size reduction may therefore be the anisotropy in
the etch rate for different crystallographic planes as pre-
viously observed in CVD diamond samples27 and natu-
ral diamond.28 As the diamond shrinks, different crystal
surfaces are exposed to the air for oxidation due to the
irregularities in the crystal morphology.
In its last oxidation step, center 1 also showed evidence
of intermittency in the luminescence (blinking behavior).
Figure 4 shows the saturation count rate (Fig. 4a) and
PL time traces (Fig. 4(b,c)) of this center at two differ-
ent optical excitation powers once blinking had begun.
The blinking behavior was observed to be strongly de-
pendent on the excitation laser power. In this oxidation
step, the center was observed to be initially stable and
the blinking behavior was only initiated on increasing
the excitation power while measuring the center’s pho-
ton saturation curve (Fig. 4a). The center remained in
its stable low count initial state up to an excitation power
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FIG. 4. Blinking behavior of center 1. (a) Photon counts
as a function of laser excitation power for the oxidation step
when blinking was excited. (Inset) Photon saturation curve of
the same center in the previous oxidation step (the red curve
is a fit to the saturation model, C = CsatP/(P +Psat), where
P is the excitation power). Fluorescence time-trace for two
different excitation powers (b) and (c) with the correspond-
ing count-rate histograms. (d) Second order auto-correlation
curves and (e) associated emission lifetimes corresponding to
I (red) the low count state and II (blue), the predominantly
high count blinking state. (f) Fluorescence spectrum of the
center in the I (red) low-count state before the excitation of
blinking, and the II state (blue) after the advent of blinking in
a predominantly high count state at a low excitation power.
of 200 µW while displaying a typical saturation behav-
ior (inset of Fig. 4a (top) shows the saturation behavior
of the same center in the previous oxidation step). On
further increasing the laser power, the fluorescence count
suddenly jumped to a higher rate and started blinking.
Even on reducing the laser excitation power this behavior
continued but the rate of blinking was observed to vary
with the laser power, increasing with an increase in the
laser excitation power (Fig. 4(b,c)). It can also be seen
from Fig. 4(b) that for low excitation power the center
stays in the high count blinking state for the majority of
time.
Figure 4(d,e,f) shows the second order auto-correlation
function (laser excitation power ∼100 µW), the time-
resolved normalized fluorescence decay (pulsed laser ex-
citation, power ∼8 µW) and the fluorescence spectrum
(laser excitation power ∼100 µW) curves for center 1 in
the low count rate state before the blinking started (I),
and after blinking commenced (II). The time-resolved flu-
orescence decay clearly shows a shorter emission lifetime
for the center in its initial low-count state before blinking
(I), compared to its emission lifetime in the blinking state
(II) (where the center is expected to remain in the high
count state for the greater fraction of time, considering
the low excitation power).
We also observed a red shift in the NV fluorescence
spectrum for the emitter in its lower count state before
blinking started (Fig. 4f). (In this state, the decay pro-
cess is expected to have a higher non-radiative decay con-
tribution. This fact is also observed from the measured
time-resolved fluorescence decay curves (Fig. 4e), show-
ing a comparatively much lower lifetime for the center
in this state). This red-shift was also observed in both
centers between the initial and the final oxidation steps
as the non-radiative channels become evident (Fig. 2c).
This may suggest a correlation between the red shift and
the advent of non-radiative decay channels for NV emis-
sion inside the nanocrystals.
The blinking phenomenon in nanodiamond NV centers
is still largely unclear. It is often attributed to fluctuat-
ing charges inside or at the surfaces of the nanodiamonds
due to photo-ionization of substitutional nitrogen (which
forms a deep electron donor with an ionization energy
of approximately 1.7 eV) and thus nitrogen atoms in the
focal volume of the 532 nm excitation laser may be photo-
ionized and release electrons8. Other studies of blinking
NV emission in HPHT nanodiamonds attribute this ef-
fect to a charge transfer via electron tunneling between
the diamond and the glass/borosilicate substrate.19 In
both bulk and nanodiamonds, blinking in the microsec-
ond time scale, has been recently ascribed to a photo-
conversion process of NV itself, between a bright (very
likely the negative charge state) and a dark (very likely
the neutral charge state) state10,11. However recently
blinking occurring in the ms time scale has been shown
due to a two-photon conversion process involved in the
charge conversion of NV, achieved with very low excita-
tion power29. By contrast, in our experiment blinking
was initiated at high excitation power and the rate of
blinking was observed to increase with an increase in the
excitation power.
Our findings here seem to suggest another possible
mechanism that could cause additional non-radiative de-
cay and blinking. Since we observed increased nonradia-
tive emission, it may appear that some new energy levels
are arising in the bandgap of the emitter which results in
increased nonradiative relaxations of emitter from its ex-
cited state to the ground state. These new non-radiative
decay channels lead to a decrease of the fluorescence in-
tensity and at the same time to a decrease of the excited
state lifetime of the NV center. Any quenching due to
the graphite phases around the diamond surface17 should
have been removed after the initial oxidation steps20.
During successive oxidation steps, oxygen complexes (the
diamond surface is expected to be surrounded by highly
electronegative oxygen complexes resulting from the ox-
idation process30) become closer to the NV in the nan-
odiamonds after their size reduction. We speculate that
these oxygen complexes could provide acceptor levels on
the surface of the particle, which can lead to additional
non-radiative decay channels responsible for a reduction
of the total lifetime and the fluorescence counts. In addi-
tion, a photo-induced fluctuation of these non-radiative
decay channels could also be responsible for subsequent
blinking or photo-instability.
In summary our study shows for the first time that
for single NV in nanodiamond, the spontaneous emission
follows a local density of states-related suppression for
larger diamond crystals (from 300 nm to 150 nm). For
smaller crystals additional non-radiative decay channels
5emerge in the spontaneous decay (from around 150 nm to
30 nm). Our experimental results clearly reveal the ad-
vent of new non-radiative decay mechanisms which are
responsible for the suppression of NV emission in smaller
nanodiamonds. This may well be the reason for the ob-
served large suppression and variability in the NV quan-
tum efficiencies in small nanodiamond crystals13. There-
fore for spontaneous emission control experiments, NVs
in small nanodiamonds should be properly selected for
their quantum efficiencies before being used as probes
for the local density of states (LDOS). Our work also
reveals the possibility that more than one type of blink-
ing inducing mechanism may be present in NV centers
in diamond, as was recently shown in quantum dots.31
Our single centers did not survive all the way to sub-
10 nm crystals. However, given that the deterioration of
NV emission in the nanodiamonds occurs just before the
NV is completely removed from the crystal, we expect
that similar surface effects could be observed by repeat-
ing the same experiment starting from smaller nanodia-
monds and reducing the size down to single-digit scale,
and that our results are relevant to the previous observa-
tions of complex emission dynamics in those very small
diamonds.
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